INTRODUCTION
============

High-throughput DNA microarray technology has dramatically enhanced the understanding of complicated networks of gene expression. DNA microarrays are routinely used to monitor steady-state transcript abundance, which reflects both transcript synthesis and turnover. However, this technology can also be implemented to measure mRNA turnover ([@b1]) and levels of transcripts in messenger ribonucleotide protein particle or polyribosome (polysome) complexes ([@b2]--[@b12]). We used an oligonucleotide array that monitored 8000 of the ∼28 000 genes of the model plant *Arabidopsis thaliana* to evaluate the regulation of mRNA translation in rosette leaves ([@b7]). This study revealed that the proportion of individual gene transcripts in polysomes varied over a wide range under normal growth conditions, and that mild water deficit stress caused a significant reduction in the level of mRNA in polysomal complexes for the majority of expressed genes. Remarkably, over half of the dehydration-induced mRNAs maintained their association with polysomes under dehydration stress (DS). This and other genome-level surveys of mRNA translation provide a new opportunity to evaluate the features of transcripts that underlie differential mRNA translation.

The analysis of eukaryotic mRNA translation, primarily by use of *in vitro* systems, has shown that initiation is affected by several features of the 5′-untranslated region (5′-UTR). For example, an extremely short 5′-UTR (\<20 nt) inhibited the entry of the 43S pre-initiation complex or recognition of AUG initiation codon ([@b13]), whereas a moderately long 5′-UTR promoted initiation (40--100 nt) ([@b14],[@b15]). The scanning of the 5′-UTR by the 43S pre-initiation complex was limited by the presence of a strong stem--loop structure, an effect that was dependent on the location and stability of the structure ([@b16]). A stem--loop with a predicted free energy value of −20 kcal/mol near to the 5′ end of the mRNA effectively inhibited ribosome entry *in vitro*; however, a stronger stem--loop structure (−30 kcal/mol) was necessary to abolish ribosome scanning if it was located distant (52 nt) from the 5′ end ([@b17]). Although RNA secondary structures have been predicted for plant 5′-UTRs ([@b18]), the effect of such structures has not been carefully evaluated. Another factor that contributes to the regulation of initiation of translation in eukaryotes, including plants, is the presence of short uORFs in the 5′ leader that generally impair translation ([@b19]--[@b21]). The efficiency of initiation is also influenced by the sequences flanking the AUG codon, referred to as the initiation codon context ([@b16]). The most frequent nucleotides around the initiation site was reported to be A(A/C)AA**[A]{.ul}~[+1]{.ul}~[UG]{.ul}**GC in eudicots and A(A/G)CC**[A]{.ul}~[+1]{.ul}~[UG]{.ul}**GC in monocots ([@b22]). The nucleotides A~−3~ and G~+4~ are the most conserved and are thought to be present in the optimal initiation codon context ([@b14]).

Highly abundant mRNAs are typically used as training sets in bioinformatic studies aimed at the determination of sequence features that may contribute to gene regulation, such as nucleotide content and initiation codon context. However, several studies have recognized a discrepancy between the steady-state abundance and translational efficiency of eukaryotic mRNAs ([@b7],[@b23]--[@b25]). Thus, consideration of the proportion of an individual mRNA species in polysomes may provide a means to identify mRNA features that contribute to translational regulation. Such an evaluation would also require knowledge of the full-length sequence of the mature transcript. There are over 28 000 publicly available full coding-region cDNA sequences for Arabidopsis. These cDNAs provide reliable coding and 3′-UTR sequence information, but may not begin at the 5′ terminus of the mRNA. However, the affinity purification of 5′-^7m^Gppp-capped mRNAs has allowed for the characterization of over 14 000 full-length cDNAs (FL-cDNAs) with 5′-UTR sequences ([@b26]--[@b28]). These publicly available collections of high quality cDNA and FL-cDNA sequence data provide a valuable resource for bioinformatic characterization of features of the 5′-UTR, coding sequence and 3′-UTR sequences that underlie variation in translational regulation. In this report, a quantitative assessment of the proportion of mRNA in polysomes for over 11 000 genes was used to evaluate the significance of general mRNA sequence features on translational regulation under non-stress (NS) and DS conditions in Arabidopsis.

MATERIALS AND METHODS
=====================

Growth conditions and polysome isolation
----------------------------------------

Plant growth and DS treatment was carried out exactly as described previously ([@b7]). Briefly, *A.thaliana* (Columbia ecotype) plants were grown under short-day conditions (8 h days). Prior to bolting, rosette leaf tissue was harvested from plants grown under well-watered conditions \[NS; relative water content (RWC) 81 ± 2.2%\] or after 7 days of soil dehydration (DS; RWC, 66 ± 0.1%). The exact procedures ([@b7]) were used for the isolation of total cellular RNA and the fractionation of detergent-treated cell extracts into two cellular RNA populations, non-polysomal RNA complexes and polysomal RNA complexes, by centrifugation through 20--60% (w/v) sucrose density gradients.

DNA microarray determination of the proportion of individual mRNAs in polysome complexes
----------------------------------------------------------------------------------------

The DNA microarray data were generated with the Affymetrix Arabidopsis whole genome GeneChip (ATH1) exactly as described previously ([@b7]) with the only difference in the analysis the version of GeneChip used. Statistical analyses were performed on mRNAs detected as 'Present'. Briefly, the proportion of mRNA levels in polysomal versus non-polysomal complexes \[RL = (expression level in polysomal RNA complexes)/(expression level in non-polysomal RNA complexes)\] obtained from the DNA microarray and quantitative real-time RT--PCR (Q-RT--PCR) analyses of 15 genes was compared, as reported previously ([@b7]). A high correlation between log~2~RL values (*R* = 0.93) was obtained (Supplementary Figure S1). The linear regression equation (log~2~RL~PCR~ = 2.16 × log~2~RL + 2.04) was used to convert the RL value obtained by microarray hybridization to that equivalent for Q-RT--PCR under NS and DS conditions. The RL values were normalized to compensate for differences in the quantity of mRNA in the two gradient sub-fractions as well as non-polysomal and polysomal levels under the two conditions. Thus, the normalized ribosome loading (nRL) value is the ratio of quantity of mRNA in the polysomal and non-polysomal fractions for an individual mRNA species. The percentage of an individual mRNA in polysomes \[Ribosome loading (%)\] was calculated from nRL with the equation: $$\text{Ribosome\ loading}\left( \% \right) = \frac{\text{nRL}}{\text{nRL} + 1} \times 100$$

mRNA sequence dataset
---------------------

The Institute of Genomic Research (TIGR) Arabidopsis sequences (04/17/03 release, <http://www.tigr.org/tdb/e2k1/ath1/>) and the Institute of Physical and Chemical Research (RIKEN) Arabidopsis full-length (RAFL) cDNA database (03/12/03 release, <http://pfgweb.gsc.riken.go.jp/pub_data/index.html>) were used. A database of reliable 5′-UTRs was generated by the identification of cDNAs with identical 5′-UTRs from independent cDNA resources. BLAST \[Basic Local Alignment Search Tool ([@b29])\] alignment was performed on 28 581 TIGR cDNA sequences against 13 181 RAFL cDNA sequences. BLAST scores over 100 were used to select the RAFL sequences that matched TIGR sequences (15 671 cDNAs). When intron-splicing variants from a single gene in TIGR (∼4.7%, 1267 cDNAs) were identical to a RAFL cDNA, the TIGR cDNA with the highest score was chosen. To exclude TIGR cDNAs that may have been derived from RAFL clones, the TIGR cDNAs with a perfect match in nucleotide identity and length to RAFL cDNAs (1174 cDNAs) were excluded. Finally, TIGR and RAFL cDNAs were compared and the 4151 non-redundant cDNAs that possessed identical 5′ ends in both databases were selected. For mRNA open reading frame (ORF) and 3′-UTR analyses, the TIGR cDNA sequence set was reduced by removal of cDNAs for genes with splicing variants (*n* = 2678) and cDNAs that lacked a 3′-UTR (*n* = 10 770). The remaining non-redundant cDNAs (*n* = 15 133) possessed an ORF and a 3′-UTR. The mRNAs were confirmed to include an initiation codon, continuous ORF and stop codon by use of EditPadPro ver. 4.5.4 (JGsoft, Thailand).

Initiation A~+1~UG codon context, nucleotide composition and structure analyses
-------------------------------------------------------------------------------

To evaluate the effect of the initiation A~+1~UG codon context, positions −10 to +5 of the mRNA, the TIGR cDNA sequences with 5′-UTRs ≥10 nt were selected (*n* = 8232 for NS and *n* = 8583 for DS for mRNAs detected as 'Present' in non-polysomal and polysomal complexes). mRNAs with the highest 1% nRL values under NS (ribosome loading \>95%, *n* = 97) or DS (ribosome loading \>91%, *n* = 113) were designated 'efficiently translated'. mRNAs with the lowest 5% nRL values under NS (ribosome loading \<66%, *n* = 528) or DS (ribosome loading \<50%, *n* = 550) were designated 'poorly translated'. The Chi-square test was used to determine the significance of variation in nucleotide frequency. To evaluate the significance of variation in nucleotide composition of this region, the Student\'s *t*-test was performed on mRNAs that possessed or lacked the optimal nucleotide between positions −10 and +5 (excluding positions +1 to +3). Similar results were obtained when FL-cDNA sequences (*n* = 4053) were used for the analysis (data not shown). Nucleotide composition of the 5′- and 3′-UTRs was determined by use of an in-house PERL script. MFOLD (version 3.1) was used to predict RNA free energy and secondary structures for each 5′- and 3′-UTR ([@b30]) at the plant growth temperature of 22°C. The 4151 non-redundant FL-cDNAs and 15 133 TIGR cDNAs with a 3′-UTR were used to analyze the predicted RNA secondary structure of 5′- and 3′-UTRs, respectively.

The DNA microarray data, mRNA sequences and mRNA sequence features described in this study are available at (<http://bioinfo.ucr.edu/projects/arab_ribosome/search.php>). The microarray data are available at the Gene Expression Omnibus, <http://www.ncbi.nlm.nih.gov/geo/> under GEO accession nos GSM38668, GSM38669, GSM38670 and GSM38671.

RESULTS
=======

Determination of mRNA levels in polysomes by DNA microarray analysis
--------------------------------------------------------------------

The variation in translation of cellular mRNAs in mature Arabidopsis rosette leaves under NS and DS conditions was determined by use of an oligonucleotide microarray designed to monitor ∼23 000 gene transcripts. Hybridizations were performed with mRNAs from sucrose density gradient fractions that contained non-polysomal and polysomal complexes (≥2 ribosomes per mRNA). The proportion of individual mRNA species in polysomes (ribosome loading) was determined for the genes with transcripts detected in both the non-polysomal and polysomal fractions ([Figure 1](#fig1){ref-type="fig"}). The results were consistent with those obtained with a DNA oligonucleotide array that monitored fewer genes (∼8000) ([@b7]). In NS leaves, the 5th and 95th percentile values for these genes corresponded to 61.9 and 92.1% of each mRNA species in polysomal complexes, whereas under DS these values fell to 45.9 and 86.8% ([Figure 1](#fig1){ref-type="fig"}). The decrease in the average proportion of an mRNA species in polysomes, from 82 to 72%, was significant (*P* \< 0.0001). DS also broadened the modal range of ribosome loading for a large proportion of the mRNAs, indicative of greater constraints on translation. Remarkably, over 50% of the mRNAs with a 2-fold or greater increase in abundance in response to DS showed no decrease in ribosome loading, whereas over 70% of over 11 000 mRNAs monitored showed a significant decrease in ribosome loading (Supplementary Figure S2). This finding indicates that many DS-induced mRNAs can circumvent the global repression in mRNA translation.

Effect of the 5′-UTR, coding region and 3′-UTR length on ribosome loading
-------------------------------------------------------------------------

To address the influence of mRNA features on translation, a database was prepared with 5′-UTR, coding and 3′-UTR sequences of full-length and full-coding cDNAs of public collections (See Materials and Methods). Arabidopsis mRNAs ranged in size from 298 to 5754 nt, with an average of 1670 nt (Supplementary Figure S3). The average 5′-UTR length of the FL-cDNAs was 124.7 nt (Supplementary Figure S3), which is also the average 5′-UTR length of human mRNAs ([@b31]). The average coding sequence and 3′-UTR length of Arabidopsis mRNAs was 1268 and 248 nt, respectively. Evaluation of the relationship between 5′-UTR and ribosome loading revealed that the optimal 5′-UTR was between 50 and 75 nt under both growth conditions ([Table 1](#tbl1){ref-type="table"} and [Figure 2A](#fig2){ref-type="fig"}). mRNAs with extremely short (\<25 nt) 5′-UTRs had a lower than average ribosome loading level. The data clearly indicate that mRNAs with long (\>175 nt) 5′-UTRs had significantly lower than average ribosome loading. No further decrease in ribosome loading was observed for 5′-UTRs of 175--300 nt. These results demonstrate that the length of the 5′-UTR has a general influence on mRNA translation under NS and DS conditions.

The comparison of coding sequence length and ribosome loading showed no over-representation of mRNAs that encode high molecular mass polypeptides in the polysome fraction under NS conditions ([Figure 2B](#fig2){ref-type="fig"}). However, mRNAs with long ORFs showed a steady increase in ribosome loading under DS; this increase was significant for ORFs of \>1500 nt. The increase in mRNAs with long coding sequences in polysomes under DS most likely indicates a general decrease in translational elongation and/or termination. Although there was no apparent increase in the average size of polysomes in response to DS, based on the analysis of the absorbance profiles of sucrose density gradient fractionated polysomes ([@b7]), this analysis suggests there is a global reduction in polypeptide chain elongation under DS. Overall, ORF length contributed 5% of the variation in ribosome loading under DS ([Table 2](#tbl2){ref-type="table"}).

The average length determined for Arabidopsis 3′-UTRs (247.8 nt) was slightly longer than previously reported for plants (∼200 nt) ([@b32]), and significantly longer than the average 5′-UTR length (*P* \< 0.0001) (Supplementary Figure S3). Evaluation of the range in 3′-UTR length on ribosome loading indicated that 280--320 nt was an optimal length under both NS and DS conditions ([Figure 2C](#fig2){ref-type="fig"}). We found that mRNAs with a short (40--120 nt) or long (\>380 nt) 3′-UTR had a significantly reduced ribosome loading under both conditions. Overall, the 3′-UTR length contributed 4.1% of the variation in ribosome loading, whereas 5′-UTR length accounted for 6.7% of the variation ([Table 1](#tbl1){ref-type="table"}).

Effect of RNA free energy and nucleotide composition on ribosome loading
------------------------------------------------------------------------

Initiation of translation is an ATP- and GTP-dependent process that begins with the recruitment of eIF4F and eIF3 to the mRNA and capture of the 43S pre-initiation complex, which scans in the 5′ to 3′ direction until an AUG initiation codon is recognized ([@b33],[@b34]). Thermodynamically stable RNA secondary structures present in the 5′-UTR impair scanning *in vitro* ([@b14]). To evaluate the contribution of potential secondary structure to polysome association, the free energy (Δ*G*) of FL-cDNA 5′-UTRs was predicted by use of MFOLD ([@b30],[@b35]) and compared with ribosome loading values ([Figure 3A](#fig3){ref-type="fig"}). This comparison revealed that mRNAs with weak potential secondary structure in the 5′-UTR (\>−20 kcal/mol) had an advantage and mRNAs with a higher potential for secondary structure (\<−55 kcal/mol) had a significant disadvantage in ribosome recruitment, respectively. Despite demonstrations by others that the effect of moderately strong stem--loop structures (−20 to −30 kcal/mol) within the 5′-UTR is position dependent ([@b17],[@b36]), we failed to detect an effect of moderate Δ*G* values in the different regions of native 5′-UTRs (Supplementary Figure S4).

The potential for secondary structure in the 5′-UTR accounted for ∼6.5% of the variation in ribosome loading under both NS and DS conditions, similar to the variation caused by 5′-UTR length ([Table 1](#tbl1){ref-type="table"}). The strong negative correlation between Δ*G* and 5′-UTR length (*R* = −0.97) (data not shown) suggests that as the 5′-UTR increases in length secondary structure potential also increases. Thus, the contribution of 5′-UTR length and Δ*G* to ribosome loading may not necessarily be additive. However, the evaluation of mRNAs with similar 5′-UTR length (80--180 nt) but varying predicted Δ*G* indicated that potential secondary structure can independently influence ribosome recruitment ([Figure 3B](#fig3){ref-type="fig"}).

The investigation of the influence of 5′-UTR mono- and di-nucleotide composition on ribosome loading revealed that adenine (A) content was positively correlated, whereas guanine (G) content was negatively correlated with ribosome loading under both growth conditions. Uracil (U) and cytosine (C) content had a lesser effect ([Table 2](#tbl2){ref-type="table"}). Consistent with the mono-nucleotide influence, the frequency of A and U (AU content) and A and C (AC content) was positively correlated with ribosome loading under both conditions. GU content had a strong negative effect on translation under both NS and DS. In contrast, GC content has a negative effect on translation that was exacerbated by DS ([Table 2](#tbl2){ref-type="table"} and [Figure 3C](#fig3){ref-type="fig"}). High GC content (NS: \>50% and DS: \>42.5%) in the 5′-UTR significantly reduced ribosome loading, whereas low GC content (NS: \<32.5% and DS: \<37.5%) significantly promoted ribosome loading, as compared with the average GC content under both conditions (39%). Interestingly, cytosolic ribosomal protein mRNAs showed a dramatic reduction in ribosome loading under DS \[Supplementary Figure S2, ([@b7])\]. These mRNAs have a significantly higher GC content in the 5′-UTR (45.2 ± 5.56%, *n* = 169, *P* \< 0.0001) than the average. The contribution of GC content to variation in ribosome loading was considerably higher under DS (∼17%) than NS (∼10%) ([Table 1](#tbl1){ref-type="table"}). In conclusion, translation of mRNAs with 5′-UTRs with a GC content above the average (39%) is impaired as a consequence of DS ([Figure 3D](#fig3){ref-type="fig"}).

The effect of GC content and potential secondary structures in the 3′-UTR on ribosome loading was also considered. The average GC content (32%) and Δ*G* value (−69 kcal/mol) for the 3′-UTR was significantly different from that of the 5′-UTR ([Table 1](#tbl1){ref-type="table"}; Supplementary Figure S5, *P* \< 0.0001). The GC content of the 3′-UTR appeared to have little influence on ribosome loading. Interestingly, a high Δ*G* ≥ −25 kcal/mol was correlated with reduced ribosome loading ([Table 1](#tbl1){ref-type="table"} and Supplementary Figure S5); however, the poor loading of these mRNAs was frequently correlated with a short 3′-UTR. These results support the notion that re-initiation is impaired by an extremely short 3′-UTR but is generally insensitive to secondary structure formation in the 3′ end.

Effect of upstream AUGs and uORFs on ribosome loading
-----------------------------------------------------

A considerable number of eukaryotic mRNAs contain a 5′AUG triplet upstream of the Met codon that commences the protein coding ORF (uAUG) ([@b37]). A previous survey of 1023 Arabidopsis mRNAs found that 22% contained one or more uAUG ([@b19]). In our dataset of 4151 FL-cDNA sequences, 73% had no uAUG, 15% had one and the remaining 12% had more than one uAUG. Interestingly, ∼28% of genes with an uAUG encode proteins involved in signal transduction and/or gene regulation (data not shown). We found that the uAUGs initiated uORFs that ranged from 2 to \>50 codons in length ([Figure 4A](#fig4){ref-type="fig"}), and that the presence of an uAUG(s) significantly impaired in ribosome loading under both growth conditions ([Figure 4B](#fig4){ref-type="fig"}). The negative effect was similar over a wide range of uORF lengths (2--40 amino acids) ([Figure 4C](#fig4){ref-type="fig"}). Since the average 5′-UTR with one or more uAUG was 226 nt (*n* = 1132 FL-cDNAs), whereas the average 5′-UTR that lacked an uAUG was 87 nt (*n* = 3019 FL-cDNAs), the poor translation of these mRNAs could reflect both the presence of an uAUG and/or the ramifications of a long 5′-UTR. It was shown previously that Arabidopsis mRNAs that possess an uAUG typically have an AUG at the start of the coding sequence that is in poor context ([@b19]). Thus, some cellular mRNAs may be burdened with multiple features that impair translation.

Initiation codon context and ribosome loading
---------------------------------------------

The initiation codon consensus can be determined by use of the 50/75 consensus rule (the most frequent nucleotides that surround the AUG are indicated in uppercase if the relative frequency of a nucleotide is ≥50% and at least twice as frequent as the second most frequent nucleotide, if not, the sum of the frequency of 2 nt is ≥75% as a co-consensus in uppercase, and in lowercase if neither of the former conditions are met) ([@b38]). The initiation codon consensus sequence derived for all genes with transcripts detected under both growth conditions was a~[−10]{.ul}~aaaaaaA/Gaa**[A]{.ul}~[+1]{.ul}~[UG]{.ul}**Gc**~+4~** ([Figure 5A](#fig5){ref-type="fig"}). The preference for a purine in the −3 and +4 positions was consistent with earlier determinations for eudicots ([@b38]). For genes that were highly loaded under NS or DS conditions (approximately the highest 1%), the most frequent nucleotides were AAAAAAAAAA**[A]{.ul}~[+1]{.ul}~[UG]{.ul}**GC ([Figure 5B and D](#fig5){ref-type="fig"}). Notably, the occurrence of A~−4~, A~−3~, A~−1~ and C~+5~ was significantly higher in these mRNAs than the average or in the poorly loaded mRNAs under NS conditions ([Figure 5C](#fig5){ref-type="fig"}). Moreover, the analysis showed that mRNAs with the highest proportion in polysomes under DS had a significantly higher frequency of A~−10~, A~−9~ and A~−6~ than the highly loaded mRNAs under NS conditions ([Figure 5D](#fig5){ref-type="fig"}). As observed under NS conditions, the mRNAs that were poorly loaded under DS had a much lower frequency of A in these positions ([Figure 5E](#fig5){ref-type="fig"}).

To shed additional light on the significance of nucleotides flanking the initiation codon, we monitored the difference between the average ribosome loading of mRNAs with and without the most frequent nucleotide at each position ([Figure 6](#fig6){ref-type="fig"}). This analysis showed that residues that significantly affect ribosome loading were distinct under the two conditions: NS, **AAA**aaa**AA**a**A**[A]{.ul}~[+1]{.ul}~[UG]{.ul}**GC** and DS, **AAA**a**A**a**AA**a**A**[A]{.ul}~[+1]{.ul}~[UG]{.ul}**GC** (residues shown in bold uppercase correlated with significantly increased ribosome loading). The most critical residues were A~−4~, A~−3~, A~−1~, G~+4~ and C~+5~ under both conditions. The largest decrease in average ribosome loading was observed when C~+5~ was absent. The only difference between the two conditions was at position −6, where an A had a significant positive effect under DS. Strikingly, the high frequency of A~−2~ in mRNAs with high ribosome loading under NS or DS did not significantly affect ribosome loading.

DISCUSSION
==========

The recruitment of the 43S pre-initiation complex to an mRNA is a competitive process that is determined by features of the mRNA, the cellular mileu and the activity of the translational machinery ([@b23]). The mechanism of initiation of translation in plants and other eukaryotes involves a pseudo-circularized mRNA formed by interactions between the 5′-cap and 3′-tail which involve eIF4G, eIF4B and poly(A) binding protein ([@b20],[@b34],[@b39]). The mRNA cap--tail interaction promotes the scanning of the 43S pre-initiation complex and secondary re-initiation events. In plants, discrimination between mRNAs in translational initiation was reported for a number of mRNAs in focused studies \[reviewed in ([@b24],[@b40])\]. More recently, differential mRNA translation in Arabidopsis leaves was confirmed at the global level by quantitative assessment of the accumulation of mRNAs in polysomal complexes under both NS and DS conditions ([Figure 1](#fig1){ref-type="fig"}) ([@b7]). Here, we expanded the comparison of steady-state total and polysomal mRNA abundance of Arabidopsis genes and identified several mRNA features that contribute to translational regulation under these two growth conditions. The results indicate that features of the 5′-UTR, ORF and 3′-UTR play a general role in the regulation of translation of individual gene transcripts ([Table 1](#tbl1){ref-type="table"}). Furthermore, our findings provide support to the hypothesis that the nucleotides that surround the initiation codon influence translational efficiency.

The role of the 5′-UTR in translational regulation
--------------------------------------------------

The 5′-UTR had the greatest effect on ribosome loading due to the influence of nucleotide composition, length, potential secondary structure and the presence of uAUGs. mRNAs with high ribosome loading generally had a 5′-UTR with high A content, whereas poorly loaded mRNAs generally had 5′-UTRs with elevated G, U and GU contents ([Table 2](#tbl2){ref-type="table"}). In addition, a 5′-UTR, which was long, had a Δ*G* prediction of \<−55 kcal/mol and/or contained uAUGs significantly impaired ribosome loading under both growth conditions. Strikingly, of the 5′-UTR features evaluated, only high GC content clearly contributed to the differential reduction of ribosome loading under DS ([Figure 3B and C](#fig3){ref-type="fig"}). This observation could reflect a higher requirement for ATP-dependent RNA helicase activity for the initiation of mRNA with a high GC content in the leader sequence. These results suggest that under DS, when nucleotide triphosphate levels are reduced, ribosome loading is significantly modulated by the requirement for ATP consumption in the scanning process ([@b41],[@b42]).

The initiation codon context and translation
--------------------------------------------

The results presented here provide evidence that the context surrounding the initiation codon contributes to control of translational initiation under NS conditions, and differentially influences translation under DS. mRNAs that were highly loaded under both NS and DS conditions had a slightly modified consensus sequence than predicted from the survey of all Arabidopsis genes. The modified consensus sequence was characterized by a preference for A from position −10 to −1. Our finding that A~−3~ is favored in highly translated mRNAs is consistent with the analyses of AUG context in stably transformed tobacco cells ([@b43],[@b44]). However, another study observed that reporter gene mRNAs with an A-rich (AAACA**[AUG]{.ul}**G) initiation codon context were expressed at similar levels as those with a less A-rich (CCACC**[AUG]{.ul}**G) region in transiently transformed tobacco protoplasts ([@b45]).

The significantly higher frequency of A at positions −7, −9 and −10 in the highly translated mRNAs under DS further indicates that the modulation of expression involves constraints within a larger region initiation codon context region than previously considered by mutational analyses. The A-rich initiation codon context could be favorable due to minimization of secondary structure formation or increased interaction with eIF1. Remarkably, the optimal sequence (a~[−10]{.ul}~aaaaaaA/Gaa**[A]{.ul}~[+1]{.ul}~UG**Gc**[+4]{.ul}**) based on nucleotide frequency in the efficiently translated mRNAs did not occur in any of the highly loaded mRNAs. Moreover, many mRNAs with extremely high ribosome loading under NS or DS had several substitutions in the critical positions around the AUG. These results appear to indicate that a general reduction in the capacity for secondary structure formation around the AUG may be beneficial, whereas poly(A) tracts in this region may be unfavorable.

Our study also confirmed that there is a preference for G~+4~ and C~+5~ in mRNAs with extremely high ribosome loading under both conditions. These nucleotides would result in an Ala residue at the second position of the polypeptide, as noted previously ([@b22]). Consistent with our observations, a previous study ([@b43]) showed that the base substitution of G~+4~ significantly reduced the reporter gene expression. It should also be considered that nucleotide variation at position +4 and/or +5 may have ramifications on protein stability according to the N-end rule, where Ala is fairly stable residue in *Escherichia coli* and yeast ([@b44],[@b46]).

The role of the 3′-UTR in translational regulation
--------------------------------------------------

The effect of the length and other features of the 3′-UTR on translation has not been extensively studied in plants. Tanguay and Gallie ([@b47]) reported that the extension of the 3′-UTR length from 4 to 104 nt increased the translational efficiency of non-polyadenylated mRNAs in a transient expression system using Chinese hamster ovary cells. However, polyadenylated reporter gene mRNAs showed little increase in translation when the 3′-UTR was extended from 27 to 161 nt. We found that the average 3′-UTR length for Arabidopsis mRNAs was 248 nt. In contrast, the 3′-UTR of mammalian mRNAs is generally longer (\>400 nt) ([@b32]). The survey of 3′-UTR features and polysome association presented here indicated that mRNAs with a short 3′-UTR (40--120 nt) were translated at significantly reduced levels in Arabidopsis leaves. From these results, it can be speculated that a minimal distance between the stop codon and poly(A) tail is critical for the re-initiation process. A long 3′-UTR (\>300 nt) may not adversely affect this process, although the increased variation in ribosome loading of mRNAs with long 3′-UTRs is noteworthy. This might reflect the presence of additional features in long 3′-UTRs that play a role in other processes, such as differential regulation of polyadenylation site selection, mRNA stability, transport and the subcellular location of translation ([@b32],[@b48],[@b49]).

Evidence of increased number of ribosomes per mRNA under DS
-----------------------------------------------------------

Several studies have noted a shift of plant mRNAs to larger polysomes in response to environmental stimuli ([@b40]). We found here that mRNAs with a long ORF (\>1500 nt) have significantly higher ribosome loading values under DS, indicating a greater number of ribosomes per mRNA. This could reflect an enhancement of initiation/re-initiation or reduced elongation/termination. It is well established that initiation is reduced under DS. Therefore, these results may indicate that initiation is not the sole limiting factor and that elongation/termination is also decreased. This could be a consequence of reduced availability of GTP. The contribution of ORF length to polysome association under DS was significant over the entire range of coding sequence length, consistent with the conclusion that elongation/termination was globally repressed irrespective of mRNA length under DS.

Mechanism of selective mRNA translation under DS
------------------------------------------------

About 50% of the genes that were highly induced at the level of mRNA abundance by DS showed little reduction in ribosome loading, whereas the majority of mRNAs showed reduced translation (Supplementary Figure S2) ([@b7]). A survey of the genes that displayed maintained ribosome loading in response to DS indicated that only ∼9% of genes represented in the FL-cDNA set (32/349 genes) had a 5′-UTR of the optimal length (30--70 nt) and GC content (\<40%). Moreover, a significant number of mRNAs with optimal 5′-UTR length and GC content displayed reduced ribosome loading under DS conditions (193/349 mRNAs with ΔnRL \< 0, *P* \< 0.01). This finding indicates that although the mRNA features identified in this analysis generally contribute to translational regulation, other factors are likely to be responsible for the maintained translation of a subset of cellular mRNAs under DS. Our analysis considered that specific mRNA sequences might be present in the mRNAs that are efficiently or poorly translated under DS. Such sequences might promote assembly of the initiation complex or reduce dependency on cap--tail interactions, thereby allowing certain mRNAs to be efficiently translated under DS. This escape of translational repression might be facilitated directly by the RNA sequence or indirectly though interaction with RNA-binding proteins that enhance the cap--tail interaction ([@b20],[@b39]). However, despite considerable effort, we were unable to identify motifs that augment or impair ribosome loading under DS using publicly available motif explore programs \[e.g. MEME ([@b50]), GPRM ([@b51]) and SLASH ([@b52])\] (data not shown). This leads us to speculate that mRNA sequences *per se* may not be solely responsible for differential mRNA translation.

The finding that the majority of the DS-induced mRNAs also showed maintained translation (Supplementary Figure S2) raises the possibility that transcriptional induction is coupled with efficient translation during DS. The coupling of nuclear and cytoplasmic regulatory mechanisms was reported in response to heat stress in yeast, where induced mRNAs also showed efficient association with polysomes ([@b23],[@b53]). The mechanisms that co-regulate transcription/splicing/export events with translation remain to be elucidated. Several recent studies indicate that transcriptional activity is linked to splicing, polyadenylation and turnover; all of these processes have been shown to influence translation ([@b54]--[@b57]). The coupling of transcription to post-transcriptional events most likely involves heterogeneous nuclear ribonucleoproteins (hnRNPs) and factors involved in post-transcriptional processes that are transferred from the polymerase II transcription complex to the hnRNA ([@b58]). The transferred proteins have been shown to interact with splicing, export and translation factors ([@b53]).

An alternative explanation for the apparent absence of sequence motifs that regulate differential mRNA translation is that the exact leader sequence might be regulated by the use of alternative transcription start sites and/or removal of 5′ intron(s). It is clear that a long structured 5′-UTR is likely to cause inefficient initiation, thus removal of such a structure or uAUGs by alternative transcription ([@b59]--[@b61]) or splicing ([@b62]--[@b64]) could lead to a higher rate of initiation. In humans, 35% of mRNAs undergo alternative splicing, occurring mostly in the 5′-UTR ([@b65]). Additional features/mechanisms including IRES, initiation without t-RNA~Met~ or mRNA--rRNA pairing might also contribute to translational regulation in response to DS ([@b66]).

In conclusion, this study provides strong evidence that multiple mRNA sequence features contribute to the regulation of mRNA translation under standard growth conditions and during DS. Although 5′-UTR GC content, initiation codon context and ORF length generally contribute to the differential translation of mRNAs under DS, these features do not appear to be solely responsible for the observed dynamics in mRNA translation. Moreover, our failure to identify the presence of mRNA sequence motifs that correlate with maintenance versus impairment of translation of individual mRNAs under DS (data not shown) leads to the suggestion that translational regulation may involve aspects of gene regulation that have yet to be appreciated. In light of recent genetic analyses that have identified several nuclear mRNA-binding proteins and export factors that play a role in gene expression in response to DS and abscisic acid ([@b67],[@b68]), we propose that the evaluation of the coupling of nuclear and cytoplasmic gene regulation deserves additional attention. Future studies that make use of DNA microarrays to distinguish transcriptional activity, nuclear RNA populations, splicing variants and polysomal mRNAs could provide greater understanding of the nucleotide elements that are critical to the continuum of cellular events that may underlie differential mRNA translation.

SUPPLEMENTARY MATERIAL
======================

Supplementary Material is available at NAR Online.

Supplementary Material
======================

###### \[Supplementary Material\]

We thank Dr Thomas Girke for his assistance in the preparation of the mRNA sequence databases and Dr Elizabeth Bray for many insightful discussions. This research was supported by a grant from the National Science Foundation (DBI 0211857) to J.B.-S. Funding to pay the Open Access publication charges for this article was provided by University of California Riverside Agricultural Experiment Station Funds.

Figures and Tables
==================

![Extensive variability in ribosome loading under NS conditions and global reduction in ribosome loading in response to DS. nRL values were determined for the transcripts detected above background in both non-polysomal and polysomal RNA fractions under at least one condition by DNA microarray hybridization ([@b7]). The nRL value for each mRNA was plotted as the percentage of the individual mRNA species in polysomes under NS and DS conditions. Arrows indicate the positions and values of the average nRL (determined with log~2~-transformed values) for the NS (average log~2~nRL 2.15 ± 0.87 for *n* = 11 746) and DS (average log~2~nRL = 1.3 ± 0.88 for *n* = 12 310). Averages were statistically different as determined by the Student\'s *t*-test on the log~2~nRL values (*P* \< 10^−4^).](gki240f1){#fig1}

![Effect of mRNA 5′-UTR, coding region and 3′-UTR length on ribosome loading. FL-cDNA sequences were grouped based on the length of 5′-UTR, length of coding ORF and 3′-UTR with a window of 25 nt (5′-UTR), 500 nt (ORF) and 40 nt (3′-UTR). The average length of each region within each group was plotted against the average ribosome loading (percentage of an individual mRNA in the polysomes) under NS (closed diamond) or DS (open square). mRNAs that were detected in non-polysomal and polysomal fractions under at least one of the conditions were used for the analysis (**A**) 5′-UTR, *n* = 2724, NS; *n* = 2845, DS; (**B**) ORF, *n* = 10 628, for NS; *n* = 11 056, for DS; and (**C**) 3′-UTR, *n* = 9018, for NS; *n* = 9405, for DS. Error bars indicate S.E. Statistical significance of ribosome loading in each range was determined for log~2~nRL values against the average log~2~nRL value for each condition by the Student\'s *t*-test (^\*^, *P* \< 0.05, ^\*\*^, *P* \< 0.01, ^\*\*\*^, *P* \< 0.001).](gki240f2){#fig2}

![Effect of potential RNA secondary structure formation and GC content in the 5′-UTR on ribosome loading. mRNAs were grouped based on the predicted free energy (Δ*G* kcal/mol) or the GC content with a 15 kcal/mol (Δ*G*) or 5% (GC content) window, respectively. (**A**) The average predicted free energy of the 5′-UTRs in each group under NS (*n* = 2641, closed diamond) and DS (*n* = 2758, open square) was plotted. (**B**) Effect of 5′-UTR secondary structure for the mRNA with 5′-UTR length of 80--180 nt. mRNA sequences from FL-cDNA are grouped based on the predicted free energy (Δ*G* kcal/mol). (**C**) The average GC content of the 5′-UTR of each group under NS (closed diamond) and DS (open square) was plotted. (**D**) The average change in ribosome loading in response to DS was plotted against the average change in GC content of the 5′-UTR of each group in response to DS. Statistical significance of ribosome loading or change in ribosome loading was determined against the average value under each condition by Student\'s *t*-test (^\*^, *P* \< 0.05, ^\*\*^, *P* \< 0.01, ^\*\*\*^, *P* \< 0.001). Error bars indicate S.E.](gki240f3){#fig3}

![Effect of presence of an AUG or ORF upstream of initiation codon on ribosome loading. mRNAs in FL-cDNA sequence dataset with or without an uAUG (an AUG upstream of the initiation codon) were selected. (**A**) Frequency distribution of uORF length. (**B**) Ribosome loading values under NS and DS conditions were compared for mRNAs that lacked (black bar) or possessed one or more uAUG(s) (white bar). Statistical significance of ribosome loading values (log~2~nRL) of mRNAs with an uAUG as compared with an average log~2~nRL of mRNAs without uAUG was determined under NS or DS conditions by Student\'s *t*-test (^\*\*\*^*P* \< 0.0001). Error bars indicate S.E. Values above bars indicate the sample size. (**C**) Ribosome loading values under NS and DS conditions for mRNAs with a uORF of varying length.](gki240f4){#fig4}

![Evaluation of frequency of nucleotides surrounding the initiation codon AUG in mRNAs. TIGR cDNA sequences with 10 or greater nucleotides were selected for the determination of nucleotide frequency at positions between −10 and +5 (initiation codon AUG corresponds to position +1 to +3). (**A**) All genes with mRNAs detected under NS and DS conditions (*n* = 7870). mRNAs with very high (approximately highest 1% ribosome loading values) (**B** and **D**) and very low (approximately lowest 5% ribosome loading values) nRL (**C** and **E**) under NS and DS conditions, respectively. The statistical significance of the frequency of the nucleotide with the highest value at each position was determined by Chi-square test against the combined frequency of other nucleotides of all mRNAs under the same condition; asterisks in parenthesis indicate the comparison against mRNAs with very low nRL, ^\*^, *P* \< 0.05, ^\*\*^, *P* \< 0.01, ^\*\*\*^, *P* \< 0.001. Gene numbers (*n*) in samples indicated.](gki240f5){#fig5}

![Effect of most frequent nucleotide at position −10 to +5 on dehydration-induced change in ribosome loading. Difference between average ribosome loading values of mRNAs with and without the most frequent nucleotide determined from the mRNA set with highest 1% ribosome loading under NS and DS at each position between −10 and +5. Statistical significance of the difference was determined by Student\'s *t*-test for the average log~2~nRL value of mRNAs with and without the corresponding nucleotide (^\*^, *P* \< 0.05, ^\*\*^, *P* \< 0.01, ^\*\*\*^, *P* \< 0.001).](gki240f6){#fig6}

###### 

Effect of mRNA features on ribosome loading under NS and DS conditions

  mRNA feature             Overall range   Average   Maximum RL (%)   Minimum RL (%)   \% Contribution                                     
  ------------------------ --------------- --------- ---------------- ---------------- ----------------- ------ ------ ------------ ------ ------
  5′-UTR length (nt)       0 to 300        124.7     83.2             73.4             50 to 70          76.5   66.7   250 to 275   6.7    6.7
  ORF length (nt)          100 to 4500     1268.2    80.9             74               4000 to 4500      79.8   68.8   0 to 500     1.1    5.2
  3′-UTR length (nt)       0 to 680        247.8     81.8             72.1             280 to 320        77.7   68     40 to 80     4.1    4.1
  5′-UTR Δ*G* (kcal/mol)   −145 to 5       −35       83.1             73.7             −10 to 5          76.2   67.4   −70 to −55   6.9    6.3
  3′-UTR Δ*G* (kcal/mol)   −160 to 5       −69       81.9             72.3             −85 to −70        78.6   68.8   −25 to −10   3.3    3.5
  5′-UTR GC content (%)    20 to 60        39        85.9             78.3             20 to 25          75.9   60.9   55 to 60     10.0   17.4
  3′-UTR GC content (%)    20 to 45        32        81.3             71.3             30 to 35          79.6   69.3   40 to 45     1.7    2.0

Percentage contribution of each mRNA feature was calculated as maximum percentage ribosome loading − minimum percentage ribosome loading.

###### 

Correlation coefficient (*R*) determined from the comparison of FL-cDNA 5′-UTR nucleotide content and ribosome loading under NS (*n* = 2716) and DS (*n* = 2833) conditions

  Nucleotide(s)   Non-stress *R*   Dehydration stress *R*
  --------------- ---------------- ------------------------
  A               0.20             0.22
  U               −0.11            −0.07
  G               −0.16            −0.20
  C               0.04             −0.07
  AU              0.12             0.21
  GC              −0.12            −0.21
  CU              −0.06            −0.06
  AG              0.06             0.06
  GU              −0.24            −0.22
  AC              0.24             0.22

Mono- and di-nucleotide content reflects the sum of the frequency of the 2 nt.
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